The toxin-coregulated pilus (TCP) of Vibrio cholerae is essential for colonization. It was recently reported that rfb mutations in V. cholerae 569B cause the translocation arrest of the structural subunit of TCP, raising the possibility that the colonization defects of lipopolysaccharide mutants are due to effects on TCP biogenesis. However, an rfbB gene disruption in either V. cholerae O395 or 569B has no apparent effect on surface TCP production as assessed by immunoelectron microscopy and CTX phage transduction, and an rfbD::Tn5lac mutant of O395 also shows no defect in TCP expression. We conclude that the colonization defect associated with rfb mutations is unrelated to defects in TCP assembly.
The gram-negative bacterium Vibrio cholerae is the causative agent of the diarrheal disease cholera. The profuse secretory diarrhea characteristic of cholera is induced by cholera toxin (18) , whose expression is regulated by the ToxR and ToxT transcriptional activators (24) . ToxR and ToxT also coordinately regulate the biogenesis of the toxin-coregulated pilus (TCP) (19) , a type IV pilus that is absolutely required for intestinal colonization in infant mice and human volunteers (3, 15, 33, 34) . TCP also function as receptors for the CTX phage (37) . Although TCP are currently thought to play a traditional role in colonization, functioning as adhesin-carrying organelles for host receptors, there are data suggesting that TCP may also alter other surface properties of V. cholerae, rendering cells more hydrophobic (33) and more resistant to the bacteriocidal action of antibodies and complement (12) . Bacterial cells expressing high levels of TCP also display autoagglutination, a macroscopic clumping phenomenon that may reflect an ability of V. cholerae to form microcolonies on the intestinal epithelium. A similar autoaggregative phenotype is associated with type IV pilus expression in enteropathogenic Escherichia coli and has been shown to be important for the virulence of that organism in humans (7) .
The rfb genes of V. cholerae encode enzymes necessary for lipopolysaccharide (LPS) biosynthesis (13, 32, 39) . Previous studies correlated LPS mutations with colonization defects in V. cholerae (11, 29, 36) and other organisms (8, 9, 20, 28, 40) , but the mechanism by which LPS mutations decrease colonization remained obscure. However, it was recently reported that an rfbD::Tn5 mutation in V. cholerae 569B prevents translocation of the TcpA pilin, the structural subunit of TCP (17) . If true, this finding suggests two possibilities. First, since TCP are critical for colonization, the colonization defects of rfb mutants could be due to interference with proper TCP expression. Second, since TcpA mutations result in serum sensitivity, a phenotype commonly associated with LPS mutations, it is possible that improper TCP assembly affects LPS structure or function.
While searching for genes required for colonization, we identified rfbB and rfbL mutants as colonization-defective strains (11) . We accordingly constructed rfbB mutations in V. cholerae O395 and 569B, and in contrast to a previous report (17) , we found no defect in the TCP production of these rfb mutants, nor did we detect any reduction in the TCP expression in an rfbD::Tn5lac mutant of O395.
To construct a suicide vector for disrupting rfbB, an internal fragment of rfbB was obtained from the chromosome of V. cholerae C6709 (El Tor, Inaba) by PCR amplification and cloned into pGP704 (23) . The resulting plasmid, pSC95, was introduced into O395 (classical, Ogawa) and 569B (classical, Inaba) by plate mating from the E. coli donor SM10 pir (33), and Ap r Sm r transconjugants were selected for further analysis. Integration of pSC95 at the rfbB locus was verified by Southern blot analysis (data not shown) for strains SC512 (O395; rfbB::pSC95) and SC539 (569B; rfbB::pSC95).
SC512 was analyzed for several phenotypes expected of LPS mutants. As noted with other V. cholerae rfb mutants (39), SC512 exhibited less agglutination with anti-Ogawa typing serum (Difco Laboratories Inc.) in slide agglutination assays than did the parental O395 strain (data not shown). In addition, LPS was purified from SC512 and O395 as described previously (30) and separated on a sodium dodecyl sulfate-12.5% polyacrylamide gel. The patterns observed after silver staining ( Fig. 1) were consistent with those previously reported for wild-type and rfb mutant V. cholerae (39) . The ability of SC512 to colonize infant mice was tested in competition assays (12) where a competitive index of less than one indicated attenuation relative to a wild-type strain. As expected for an LPS mutant, SC512 demonstrated a severe colonization defect (Table 1) .
Serum sensitivity is associated with LPS defects in several bacterial species (14, 16, 36) , and we tested SC512 in a serum resistance competition assay (12, 36) . SC512 and LAC-1 (O395 ⌬lacZ [38] ) were cultured overnight in Luria broth (LB), subcultured 1:100 into LB, and grown at 37°C to mid-logarithmic phase. Cells were washed once in phosphate-buffered saline, mixed at a 1:1 ratio of SC512 to LAC-1, and diluted 1:10 in phosphate-buffered saline. This mixture was divided into ali-quots to which was added either untreated guinea pig serum or heat-inactivated guinea pig serum to a final concentration of 10% serum. These samples were incubated at 37°C for 1 h and subsequently plated on L agar containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) to differentiate between Lac ϩ SC512 and the LAC-1 control. In this assay, SC512 was approximately 10,000-fold more serum sensitive than LAC-1 (Table 1) , as determined by comparing the ratio of SC512 to LAC-1 after treatment with untreated guinea pig serum to the ratio of SC512 to LAC-1 after treatment with heat-inactivated serum. The guinea pig serum was obtained from Accurate Chemical and Scientific Corporation (Westbury, N.Y.), and heat inactivation was performed by heating at 55°C for 1 h.
Having established that SC512 displayed phenotypes consistent with an rfb mutation, we examined the strain for phenotypes associated with TCP defects. Autoagglutination, colonization, and serum resistance are all tightly linked to the expression of wild-type TCP (12) , but colonization and serum resistance could not in this instance be used to assess TCP production because these phenotypes are also predicted to be affected by LPS mutations. However, TCP also function as CTX phage receptors, and TCP expression can be quantified by a transduction assay employing pCTX-Km, a kanamycinresistant version of CTX phage (37) . With this method, SC512 is as transducible by CTX phage as wild-type V. cholerae ( Table  2 ), indicating that the rfbB::pSC95 mutation does not interfere with TCP expression. LPS mutations do result in a type of autoagglutination, but this autoagglutination is easily distinguishable from TCP-mediated autoagglutination. SC512 showed wild-type, TCP-mediated autoagglutination, further suggesting that TCP expression is unaffected in SC512. Finally, Western analysis and immunoelectron microscopy (IEM) were performed as previously described (12) and showed that SC512 produces wild-type quantities of TcpA (data not shown) and bundled surface TCP (Fig. 2a) .
The results for SC512 clearly demonstrate that an rfbB mutation in O395 does not affect TCP expression. This is in contrast to a previous report asserting that rfb mutations block translocation of the TcpA pilin subunit, a finding that was based primarily on immunofluorescence and IEM analysis of a single rfbD mutant of 569B (17) . Multiple studies with the infant mouse model had already demonstrated that 569B is a poorly colonizing strain of low virulence compared to other wild-type strains (1, 2, 4-6), and 569B carries a deletion of the regulatory gene toxS, which is required for full ToxR activation of the toxin and tcp genes in other strains of V. cholerae (22) . We therefore initially thought that any effect of rfb mutations FIG. 1. Silver-stained sodium dodecyl sulfate-12% polyacrylamide gel of LPS purified from O395 and SC512. Silver staining was carried out with the Bio-Rad (Hercules, Calif.) silver stain kit in accordance with the manufacturer's directions. Numbers at the left are molecular weights, in thousands. Heat-inactivated serum 1.51
a The competitive index for colonization is defined as the output ratio of mutant to wild-type bacteria divided by the input ratio of mutant to wild-type bacteria. The in vivo competitive indices shown are averages of the competitive indices obtained for four mice. In one mouse, no mutant bacteria were recovered, and the competitive index was computed assuming that one mutant bacterium had been recovered. This value was then averaged with the competitive indices for the other mice, and the number reported is expressed as less than this average. In vitro competitions were carried out by subculturing 50 l of the inoculum in 5 ml of LB, incubating the culture at 37°C on a roller overnight, and then plating at appropriate dilutions. 
Ϫ3
a Cultures were grown overnight as described for the autoagglutination assay (12) . A total of 50 l of each culture was mixed with 50 l of kanamycin-or ampicillin-marked CTX phage purified as described previously (37); cultures were then incubated at room temperature for 30 min, serially diluted, and plated on L agar containing appropriate antibiotics to determine the transduction frequency. Each assay was conducted in triplicate, and means and standard deviations are shown. pCTX704A is an ampicillin-marked CTX phage (20a).
on TCP expression might be peculiar to the 569B strain background. The rfbB::pSC95 mutant of 569B (SC539) was therefore analyzed for surface TCP production by IEM (Fig. 2b) and CTX phage transduction (Table 2 ). SC539 did not display reduced surface expression of TCP relative to 569B by either criterion. It was not possible to determine whether TCP-mediated autoagglutination was affected by the rfbB::pSC95 mutation in 569B, because TCP-mediated autoagglutination is so poor in 569B that it would not be observable against the background autoagglutination caused by the LPS defect.
These data suggested that TCP production might be affected by rfbD mutations but not by rfbB mutations. These two genes act at slightly different points in the O-antigen biosynthetic pathway, and an rfbD mutation could conceivably result in the accumulation of intermediates that somehow interfere with TcpA export. This seemed unlikely because rfbD is immediately downstream of rfbB in the rfb operon (32) , and the rfbB::pSC95 mutations are almost certainly polar on rfbD. However, we were able to address the issue definitively by examining TCP expression in an rfbD::Tn5lac mutant of O395 (O395-R2; gift of M. Waldor). O395-R2 showed wild-type, TCP-mediated autoagglutination and wild-type production of TCP when examined by IEM (Fig. 2d) and CTX phage transduction (Table 2 ). This demonstrates conclusively that TCP expression in O395 is not affected by either rfbB or rfbD mutations.
It may be that because TCP expression is much weaker in 569B than in O395, an rfb-related defect in TcpA translocation could under certain circumstances be observed in 569B. Subtle differences in culture conditions have long been known to have profound effects on TCP production (23) , and such effects might account for the detection of a relationship between rfb mutations and TCP in a strain where TCP expression is already low. Nevertheless, the results presented here clearly indicate that, even in 569B, an inability to produce O antigen does not cause a further defect in surface TCP expression.
It remains possible that rfb mutations reduce colonization via a more subtle effect on TCP function. Type IV pilins in Neisseria meningitidis, Neisseria gonorrhoeae, and Pseudomonas aeruginosa are glycosylated (10, 25, 31) , and glycosylation has been proposed to affect certain aspects of meningococcal pilus function (21, 35) . Although LPS biosynthesis genes do not appear to be involved in modification of neisserial pilins, it may be that rfb mutations in V. cholerae affect TCP modification and, therefore, colonization without grossly affecting TCP biogenesis. However, since there is currently no evidence that TCP are glycosylated, we suggest that LPS itself is important for colonization. This conclusion is not unprecedented, given that LPS mutations have been found to affect colonization in several enteric bacteria, including Yersinia enterocolitica (40) , E. coli (8, 9) , Salmonella typhimurium (20) , and Shigella flexneri (28) . Although the exact role of LPS in colonization is unknown, LPS is known to be involved in resistance to antibiotics and complement-mediated killing (26, 27) . One possibility is that LPS defects might render bacteria more susceptible to gut-associated bacteriocidal substances. Additional studies with V. cholerae could focus on differences between TCP and LPS mutants (e.g., sensitivity to bile salts, proteases, lactoferrin, and intestinal defensins) that might provide an explanation for the intestinal colonization defect exhibited by LPS mutants.
